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ABSTRACT

Restoring the estimated 1 billion hectares of degraded forests must consider future climate accompanied
by novel ecosystems. Transformational restoration can play a key role in adaptation to climate change but
it is conceptually the most divergent from contemporary approaches favoring native species and natural
disturbance regimes. Here, we review concepts of novelty in ecosystems with examples of emergent/neo-
native and designed novel ecosystems, with application to transformational restoration. Danish forests
have a high degree of novelty and provide a realistic context for discussing assisted migration, one method
of transformational adaptation. Deforestation and impacts of past land use created a highly degraded
landscape dominated by heathland in western Denmark. Restoration with non-native species began
150 years ago because the native broadleaves could not establish on the heathlands. Danish forestry
continues to rely extensively on non-native species. Preparing for transformational adaptation requires
risky research today to prepare for events in the future and refugia from the last glaciation may provide
genetic material better adapted to future climate. A new project will test whether species and provenances
from the Caspian forests in Iran possess greater genetic diversity and superior resistance (physiological
adaptability) and resilience (evolutionary adaptability) and possibly a gene pool for future adaptation.
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Introduction The Bonn Challenge and related efforts at countering centu-
ries of landscape degradation cannot focus on simply correcting
the excesses of the past or by returning ecosystems to historic,
pre-industrial states. On-going land use change to meet the
needs of an expanding global population and changes in climate
and increased frequency of extreme events are projected to lead
to novel climates and emergence of novel ecosystems (Williams
and Jackson 2007; Williams et al. 2007; Caloiero et al. 2016). Thus,
efforts at restoring degraded forests must take into account future
climate and provide solutions that are robust under much uncer-
tainty as to the nature of future conditions and adaptive to climate
change (Spittlehouse and Stewart 2004; Bolte et al. 2009; Keenan
2015; Stanturf et al. 2015).

FLR is a planned process of restoring ecological integrity and
enhancing human livelihood that differs from site-level restora-

Forest landscape restoration (FLR) has grabbed the interna-
tional spotlight with the main focus on the Bonn Challenge
and regional initiatives. Nations, regions and the private sector
have pledged over 150 million hectares of FLR to commence
by 2020 (http://www.bonnchallenge.org/). Africa has made
the most commitments (Figure 1) and more countries in Latin
America have made commitments to the Bonn Challenge
than to the regional LAC 20 x 20 initiative (http://www.wri.
org/our-work/project/initiative-20x20/restoration-commit-
ments#project-tabs). The FLR movement has been suggested as
complementary to other efforts to counter degradation and loss
of biodiversity, including the UNCCD goal of land degradation
neutrality  (http://www.unccd.int/Lists/SiteDocumentLibrary/
Rio+20/UNCCD_PolicyBrief_ZeroNetLandDegradation.pdf) and

the CBD Aichi 15 target to restore 15% of all degraded ecosys-
tems on Earth by 2020 (https://www.cbd.int/doc/strategic-plan/
targets/T15-quick-guide-en.pdf). Many have suggested that the
REDD+ efforts under the UNFCCC could produce joint benefits
of restoration and carbon sequestration (e.g. Rizvi et al. 2015;
Stanturf et al. 2015). The UN Strategic Plan for Forests calls for
a target to increase forest area by 3% worldwide by 2030, sig-
nifying an increase of 120 million hectares, an area over twice
the size of France (https://www.un.org/esa/forests/wp-content/
uploads/2016/12/UNSPF_AdvUnedited.pdf).

tion because it seeks to restore ecological processes that operate
atlarger landscape-level scales (SER 2004; Stanturf, Palik, Williams,
etal. 2014; Mansourian 2017). Some advantages of FLR over eco-
logical restoration include the broad focus on landscape-level
restoration and the explicit inclusion of livelihoods and food secu-
rity needs, rendering FLR more appropriate in the developing
world where many opportunities for forest restoration exist in
mosaic landscapes (Stanturf 2015). Ecological restoration often
is motivated by restoration to a more natural (i.e. pristine) state
and then to preserve the restored area (e.g. Stanturf et al. 2001).

CONTACT John A. Stanturf @drdirt48@gmai|.com

© 2018 Societa Botanica Italiana

Published online 01 Mar 2018


http://orcid.org/0000-0002-6828-9459
http://www.bonnchallenge.org/
http://www.wri.org/our-work/project/initiative-20x20/restoration-commitments#project-tabs
http://www.wri.org/our-work/project/initiative-20x20/restoration-commitments#project-tabs
http://www.wri.org/our-work/project/initiative-20x20/restoration-commitments#project-tabs
http://www.unccd.int/Lists/SiteDocumentLibrary/Rio+20/UNCCD_PolicyBrief_ZeroNetLandDegradation.pdf
http://www.unccd.int/Lists/SiteDocumentLibrary/Rio+20/UNCCD_PolicyBrief_ZeroNetLandDegradation.pdf
https://www.cbd.int/doc/strategic-plan/targets/T15-quick-guide-en.pdf
https://www.cbd.int/doc/strategic-plan/targets/T15-quick-guide-en.pdf
https://www.un.org/esa/forests/wp-content/uploads/2016/12/UNSPF_AdvUnedited.pdf
https://www.un.org/esa/forests/wp-content/uploads/2016/12/UNSPF_AdvUnedited.pdf
mailto:drdirt48@gmail.com
http://www.tandfonline.com
http://crossmark.crossref.org/dialog/?doi=10.1080/11263504.2018.1435586&domain=pdf

2 (&) J.ASTANTURFETAL.

Bonn Challenge Commitments

North America
10%

Latin America
25%

Asia
16%

Africa
49%

Figure 1. Most of the Bonn Challenge commitments, in terms of hectares pledged
for restoration, have been in Africa.

Potential disadvantages of FLR are a possible narrow focus on
local perceptions of needs or demands of funding programs
rather than broader social needs. For example, restoring degraded
forests with REDD + funding would not necessarily include bio-
diversity concerns (Alexander et al. 2011; Gardner et al. 2012).
With respect to the FLR and the Bonn Challenge, Mansourian
et al. (2017) questioned whether emphasizing pledges of area
restored (i.e. quantity targets), without regard to the quality in
terms of functions restored, was not a recipe for “covering vast
areas of the world in trees of limited value to local people and
biodiversity” (Mansourian et al. 2017, p. 178). Even though an
estimated 1 billion to 6 billion hectares of degraded landscapes
already exist (Laestadius et al. 2011; Gibbs and Salmon 2015), cli-
mate change and business-as-usual land use will add to the need
to restore ecosystems. This daunting task can best be addressed
at the landscape scale (Menz et al. 2013; Kuuluvainen et al. 2015;
Latawiec et al. 2015; Stanturf 2015) and FLR can play a key role in
adaptation to climate change (Stanturf et al. 2015).

Climate change adaptation strategies can be characterized
as incremental, anticipatory, or transformational (Joyce et al.
2013; Pinkard et al. 2015; Stanturf 2015). The incremental strat-
egy is a no-regrets approach where restoration actions provide
benefits under the current climate; but this is not a business-as-
usual approach. The anticipatory strategy for adaptation uses the
same techniques but is more future-climate oriented, while the
transformational strategy takes proactive measures to adapt to
future climate conditions. Commonalities among these strate-
gies include favouring genotypes adapted to future conditions
(Pedlar et al. 2011; Williams and Dumroese 2013; Dumroese et al.
2015), resisting pathogens (Millar and Stephenson 2015), man-
aging herbivory to ensure adequate regeneration (Rooney and
Waller 2003; Coté et al. 2004), encouraging species and struc-
tural diversity at stand and landscapes levels (Millar et al. 2007;
Santopuoli et al. 2016) and providing connectivity and reduc-
ing fragmentation (Stanturf 2015; Stanturf et al. 2015). Here, we
explore transformational restoration, an approach based on the

most future-oriented adaptation strategy. Even though this strat-
egy seems conceptually the most divergent from contemporary
restoration that focuses on native species and natural disturbance
regimes (Stanturf, Palik, Dumroese 2014; Stanturf, Palik, Williams,
et al. 2014), we posit that foresters already have much experi-
ence with novel ecosystems, non-native species and assisted
migration. Our objective in this paper is to review concepts of
novelty in ecosystems, present examples of emergent/neo-native
and designed novel ecosystems and discuss how this applies to
transformational restoration practices under global change. To
anchor these discussions in a realistic context, we present a case
study of Denmark, a country with forests that for historical reasons
are comprised of a high degree of novelty.

Transformational restoration - what do we mean?

Three types of transformational adaptations are those that are
adopted at a much larger scale, that are truly new to a particu-
lar region or resource system and that transform places and
shift locations (Kates et al. 2012). Transformational restoration
of degraded ecosystems anticipates rapidly changing climate
and embraces the novelty of emergent and neo-native ecosys-
tems as well as planned novelty in active restoration (Hobbs et
al. 2006, 2011; Sarr and Puettmann 2008). By novelty, we adopt
the definition of Radeloff et al. (2015, p. 2051) “... the degree of
dissimilarity of a system, measured in one or more dimensions
relative to a reference baseline ... novelty varies in degree, it
is multidimensional, can be measured, and requires a tem-
poral and spatial reference”. The three adaptation strategies
differ in their tolerance of novelty in the restored ecosystem;
while transformational adaptation embraces novelty, incre-
mental adaptation is intolerant of novelty and the anticipatory
strategy has intermediate tolerance of novelty. The degree
of “novelty-tolerance” can be illustrated by actions regarding
novel ecosystems, where incremental adaptation would seek
to prevent establishment of non-native species and emergent
assemblages of native species in new combinations (neo-na-
tive ecosystems); anticipatory adaptation would allow and
seek to manage emergent, neo-native assemblages, possibly
allowing non-native species with functional equivalencies to
maladapted native species; and transformational manage-
ment would not only manage emergent ecosystems but also
truly novel assemblages in which non-native species dominate
(Stanturf 2015).

Novel ecosystems will spontaneously arise under land use
change and altered climate (Alig et al. 2004; Briske et al. 2015;
Martinuzzi et al. 2015). Extreme events present opportunities
to transform ecosystems and incorporate more novelty in the
near-term but intentional or planned transformation will likely be
controversial as it goes against the received wisdom that locally
adapted, native species and natural disturbance regimes are
best (Leimu and Fischer 2008; Boshier et al. 2015), in the sense of
most sustainable. Transformational restoration will create novel
ecosystems by moving species far beyond their historical ranges
(Pedlar et al.2012; Lunt et al. 2013; Benito-Garzén and Fernandez-
Manjarrés 2015); and by purposeful introduction of non-native
(Davis et al. 2011) or genetically modified species (Seddon et al.
2014; Potter et al. 2017). Is there a need for such extreme meas-
ures? What genetic material to move to where? What experience
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do we have that suggests factors to consider in future efforts? The
following sections will examine these questions in greater detail.

Novel ecosystems

The notion of novel ecosystems as advanced by Hobbs and oth-
ers (Hobbs et al. 2006, 2013) required anthropogenic interven-
tion (disturbance). If a system could return to its former state
if the disturbance was abated, it was a hybrid ecosystem; if it
remained in the new state, it was novel (Hobbs et al. 2006, 2013).
As stated above, we adopt the broader definition of Radeloff et
al. (2015). Thus, novel ecosystems may emerge as an indirect
consequence of land use change interacting with ecological
factors (an emergent or neo-native ecosystem) or by intentional
creation of a new system by introduction of non-native plants.
Two examples follow, the Allegheny Hardwoods of north-west-
ern Pennsylvania dominated by black cherry (Prunus serotina
Ehrh.) in the eastern US and Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) introduction into Western Europe.

Emergent novelty - Allegheny Hardwoods

The dissected Allegheny Plateau in western and central New
York, northern and western Pennsylvania, northern and west-
ern West Virginia and eastern Ohio is comprised of a southern
unglaciated part and a northern part that was subjected to
Wisconsinan glaciation. Prior to European settlement in the
late 1700s and early 1800s, the forest was minimally affected by
native Americans and mature and over-mature forests covered
the plateau with eastern hemlock (Tsuga canadensis (L.) Carr.),
American beech (Fagus grandifolia Ehrh.) and sugar maple (Acer
saccharum Marsh.) being the dominant species (Marquis 1975;
Whitney 1990). Black cherry, red maple (Acer rubrum L.), white
ash (Fraxinus americana L.) and birches (Betula alleghaniensis
Britton and B. lenta L.) were common associates, especially in

stands developing after windthrow. Small stands of white pine
(Pinus strobus L.) were exploited first by the European settlers
but cutting remained localized, mostly at lower elevations along
the major streams until the advent of steam power in the middle
of the 1800s.

Tanneries that utilized hemlock bark, band mills to produce
lumber, chemical wood factories to produce charcoal and dis-
tillates and logging railroads transformed the forests. By 1920,
the virgin and partially harvested forest was almost completely
clearcut (Marquis 1975). Uncontrolled wildfires in the abundant
logging slash had an impact on the species composition of the
forests regenerating in the clearcuts, virtually eliminating white
pine and confining hemlock to wet riparian areas. Along with
the liquidation of the original forest, the native white-tailed deer
(Odocoileus virginianus Zimmerman) was hunted for meat and
locally extirpated by 1890. Restrictions on hunting and introduc-
tion of deer from other areas began to rebuild deer herds, aided
by the abundant browse in the clearcuts. By the 1920s, deer were
so abundant that they were causing significant damage to agri-
cultural crops as well as forest reproduction (Marquis 1975). Deer
populations peaked in the 1940s and then declined as browse
became limited in the maturing second growth forests (Figure 2).
Today, deer populations remain high and create problems for
regenerating after timber harvest (deCalesta 1994a; Horsley et
al. 2003) and impacts on the forest floor flora (Tilghman 1989)
cascade into the fauna (deCalesta 1994b). The trajectories of eco-
system development remain novel, preventing the system from
returning to a historical state even if the deer populations were
to be reduced (Royo et al. 2010; Kain et al. 2011)

Designed novelty — Douglas-fir

Large-scale reforestation and afforestation programs globally
have concentrated on a few genera, principally conifers such
as Pinus spp. and Picea spp. or broadleaves such as Eucalyptus

2/20/1998

Figure 2. Experiments that use fencing to exclude deer from browsing the understory show their effect on biodiversity and regeneration of woody species. This experiment
on the Bradford Ranger District of the Allegheny National Forest in northwest Pennsylvania, USA show the effect of deer browse (on the left) versus native understory

(right of photo). (Credit: US Forest Service).
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spp.and Acacia spp. Often involving intercontinental movement
and monoculture plantations, such designed novelty can have
adverse social (e.g. Cao et al. 2011; Andersson et al. 2016) and
ecological effects (Ledgard 2001; Simberloff et al. 2010; Taylor et
al. 2016). Experience with Douglas-fir in Europe has been both
positive and negative, depending upon context (Isaac-Renton
et al. 2014; Schmid et al. 2014). Introduced from western North
America, provenance trials began in the 1910s with coastal
sources from southern Washington or northern Oregon exhib-
iting the best growth (Isaac-Renton et al. 2014 and citations
therein). Nevertheless, interior sources exhibited the best adap-
tation to drought (Pharis and Ferrell 1966) and low temperatures
(Rehfeldt 1977).

The analysis of Douglas-fir provenance trials by Isaac-Renton
etal. (2014) illustrates the trade-off between capacity adaptation
(growth potential and competitive ability) and survival adapta-
tion. While provenance trials provide ample evidence of growth
potential, the ability to survive extreme weather events is only
apparent if an event challenges a provenance at a vulnerable
growth stage. For example, seedlings are usually more suscep-
tible to near-ground late spring frost or drought than taller or
just larger trees with more extensive root systems. Thus, data
from provenance trials should be augmented with physiological
tests before recommending material transfers (Isaac-Renton et
al.2014).

As Douglas-fir has become practically naturalized in portions
of Europe, reforestation of plantations is not immune to the
effects of changing climate. Isaac-Renton et al. (2014) examined
performance of provenances under two climate periods, a stable
1961-1990 baseline and a 30-year warming trend (1995-2009).
They argued that the climate envelope of more southerly popu-
lations adapted to drier conditions has shifted northwards and
new plantings should recognize this change.

Transformational adaptation under climate change

Transformational adaptation differs from other strategies in the
tolerance of novelty and the introduction of climate-adapted
material is a key feature. Current regulation and guidance
on transferring plant material stresses the importance of
locally adapted material of species within their historic ranges
(Gustafson et al. 2005; McKenney et al. 2007; Bower et al. 2014).
Under a changing climate, with the potential for greatly differ-
ent conditions than exist today (e.g. Williams and Jackson 2007;
Williams et al. 2007), local sources may no longer be adapted
(Frank et al. 2017). Species will respond to climate change by
adapting, migrating, or dying out (Aitken et al. 2008; Berg et al.
2010) and species have adapted to changing climate in the past
(Jump and Penuelas 2005; Valladares et al. 2014; Boshier et al.
2015; Espeland et al. 2016). The prospect of rapidly changing cli-
mate and frequent extreme events, along with fragmentation of
many landscapes, may overpower the ability of species to adapt
(Chapman et al. 2014; Park et al. 2014; Pacifici et al. 2015) or
migrate (Iverson et al. 2004; Pearson 2006; Corlett and Westcott
2013; Stanisci et al. 2016).

Assisted species migration (Williams and Dumroese 2013),
where species or genetic material is moved or obtained from
far outside current ranges, can overcome limitations on spe-
cies movement but this challenges notions of native species

(Davis et al. 2011) that are prevalent (Warren 2007; Fleishman
etal. 2011; Shackelford et al. 2013; Dunwiddie and Rogers 2016;
Mattioli et al. 2016). Specific issues that have been raised focus
on the effect of the introduced material on the receiving eco-
system, such as invasiveness, hybridization, pests, or pathogens
(e.g. Laikre et al. 2010; Byrne et al. 2011; Felton et al. 2013).
In truth, a certain amount of invasiveness and hybridization
may be desirable in assisted migration to facilitate establish-
ment of new species or transfer of adaptive traits into native
populations (Dumroese et al. 2015). The timing of when to
move material is perhaps a more difficult question than what
to move or where to move it (McDonald-Madden et al. 2011;
Rout et al. 2013; Stanturf 2015). Moving material with high
genetic variation is preferable, although may not be feasible
for some species threatened by climate change (Aitken et al.
2008). Empirical evidence of adaptation, through provenance
testing, will provide the strongest test of whether to operation-
ally translocate species outside their native range (Breed et al.
2013; Rout et al. 2013) and to intentionally introduce novelty
into ecosystems. Importantly, adaptation to changing climate
will be an on-going process; even material adapted to future
climate conditions must survive current climate environments
when planted (e.g. Gray et al. 2011).

Three questions require thoughtful consideration and if pos-
sible, empirical investigation. First, how likely is the potential for
successful movement of material? There are several methods
available for examining how a species will respond to dispersing
or being moved to a new location with a suitable future climate
(e.g. Breed et al. 2013; Lunt et al. 2013; Rout et al. 2013) and all
require some knowledge of species genetics and traits, which is
often limited for non-commercial species. The second concern is
the effect an introduced species may have on the receiving eco-
system (McLachlan et al. 2007; Mueller and Hellmann 2008; Laikre
etal. 2010; Hewitt et al. 2011; Pedlar et al. 2011). Addressing these
concerns will be difficult, especially if the receiving ecosystem is
undergoing change.

The third concern is how will moving material affect the donat-
ing ecosystem, the population of the migrating species, or both
(Vitt et al. 2010; Williams and Dumroese 2013; Benito-Garzon
and Fernandez-Manjarrés 2015)? This is particularly important
for rare or endangered species, where removal of material may
affect the survival of the donating population (McLachlan et al.
2007; Seddon 2010; Vitt et al. 2010; Loss et al. 2011; Seddon et
al. 2014). Other concerns are with regard to ethical and political
concerns, if material is obtained from another country (Carnus
et al. 2006; Schiklenk and Kleinsmidt 2006; Jackiw et al. 2015).

Transforming ecosystems for improved climate
adaptation

Global change, the combined effects of climate change, glo-
balization, land use change and interactions, is likely to result
in significant novelty in forest ecosystems within a single tree
generation (80-150 years). Adapting to novel conditions, par-
ticularly climate, will require transformational strategies that
explore and develop plant material adapted to novel condi-
tions. Transformation could be achieved by intentionally creat-
ing novel ecosystems, using biotechnology to create transgenic
species to replace extinct foundational or keystone species
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or genotypes better adapted to future climate (e.g. Castenea
dentata (Marshall) Borkh.; Jacobs 2007; Jacobs et al. 2013) or
synthetic biology to create designer organisms with hereto-
fore unknown capabilities (Stanturf 2015). This new material
(whether species, provenances, or clones) must be adapted to
current and future conditions and could be analogous, non-na-
tive species or genetically altered versions of native species (with
genes from closely related or unrelated organisms, respectively,
termed cisgenic or transgenic). One source for more adaptive
genetic material is refugial populations (Keppel and Wardell-
Johnson 2012; Hannah et al. 2014).

Refugial populations

Species can survive adverse climatic conditions in refugia, areas
with more favourable conditions (Keppel et al. 2012). Stable cli-
mate over time often gives rise to species-rich refugia that main-
tain endemic species (Dynesius and Jansson 2000). Pleistocene
glacial oscillations in northern Europe markedly shaped the dis-
tribution and genetic makeup of species (Comes and Kadereit
1998). Pleistocene refugia today are characterized by high
genetic diversity and refugial areas may be distinctly different
genetically. Areas that have been recolonized from different ref-
ugial regions often have higher genetic diversity but may show
lower differentiation (Comps et al. 2001; Widmer and Lexer 2001;
Petit et al. 2003; Bouriaud et al. 2015). Glacial ice covered north-
ern Europe and temperate species survived in Iberian, Italian,
Balkan refugia (Bennett et al. 1991; Taberlet et al. 1998). The area
south of the Caspian Sea is a biodiversity hotspot (Akhani et al.
2010; Farashi and Shariati 2017) and recently has been proposed
as a glacial refugia for temperate forest trees (Leroy and Arpe
2007).

Experience from Denmark

Danish forestry has a long tradition of using non-native tree spe-
cies. Following the retreat of the glaciers the natural forests of
Denmark included rather fewer species compared to temperate
forests in North America and Asia and most of the country was
deforested (Bradshaw 2005; Madsen et al. 2005). The forest res-
toration history of Denmark includes several forest generations
over the past 200 years. Similar processes took place in other
parts of north-western European lowlands including heathland
tracts of northern Germany (Mather et al. 1998; Bradshaw 2004).
Because Denmark is all lowland (highest elevation 170 m above
sea level), there are no mountainous regions where natural for-
ests could be protected against clearance and changes in land
use. Therefore, little natural forest survived and definitely no vir-
gin forest (Johannsen et al. 2013).

Forest landscape restoration

In Jutland (western Denmark), deforestation and impacts of
shifting agriculture, grazing and fire created a highly degraded
landscape that was dominated by heathland in the western and
northern parts of the peninsula. The introduction of non-native
species — particularly conifers — was needed both because the
native broadleaves could not establish on the degraded heath-
lands (Madsen et al. 2005) and because society and people were
in great need of the wood resources for construction and energy
(Figure 3). Additionally, overgrazing and fire often destroyed
the heather to an extent that the sandy soil was exposed to the
wind and could start forming dunes that eventually threatened
to cover houses and whole villages. These sandy soils were char-
acterized by total lack of forest micro-climate and very acidic soil
types (podzols) and as such the conditions for restoring forests

Figure 3. Survival and growth of seedlings planted on degraded sites in western Denmark were low and only non-native conifers could survive the conditions. Here are
some of the last remnants of the 1st generation mountain pine (Pinus mugo Turra) planted to restore forest conditions 150 years ago. Such examples may still be seen in

the coastal dune areas along the Danish coast. (Credit: Palle Madsen).
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were extremely poor. Needless to say that all seed sources had
disappeared centuries ago — and relying on natural regeneration
or succession was not an option. The non-native mountain pine
(Pinus mugo Turra) was one of the few species that could survive
and grow on the degraded sites in western Denmark that were
restored (afforested) over 150 years ago (Figure 3).

Danish forestry today

Danish forestry continues to rely extensively on non-native spe-
cies. A large number of non-native tree species were tested to
identify those sufficiently tolerant and productive under local
conditions. Except for Scots pine (Pinus sylvestris L.), all produc-
tive conifer species — including Norway spruce (Picea abies (L.)
Karst.) — are non-native. Non-native species are integrated in
the close-to-nature approach to forest management currently
in vogue, as long as they are used where they are adapted to
site and can contribute to the formation of healthy continu-
ous cover forests that later are capable of supporting natural
regeneration of the desired tree species. Typical desired species
among the non-natives with these characteristics are European
and Japanese larch (Larix decidua Mill. and L. kaempferi (Lamb.)
Carr.), Douglas-fir and European silver fir (Abies alba Mill.).

Silver fir in particular provides another example of introducing
novelty into the Danish landscape and the relationship between
adaptability and genetic variation. Through long-term field trials
that were established in Denmark in 1934-1935, it was shown in
the 1980s that Calabrian silver fir from southern Italy had superior
health and growth compared to a wide range of silver fir prove-
nances from southern and central Europe, from areas geographi-
cally and climatically more similar to Denmark (Larsen 1986). The
Calabrian provenances have substantially greater genetic diver-
sity than the other provenances (Bergmann et al. 1990), lead-
ing to the hypothesis that the Calabrian silver fir provenances

of the coastal mountains facing the Strait of Messina were not
exposed to the extreme conditions of the periglacial climate and
therefore escaped genetic bottlenecks caused by the reduction
of population size due to the harsh climate that affected the pop-
ulations that spread into the European continent (Larsen 1994).
Nevertheless, the Calabrian silver fir provenances were blocked
from migrating north because the lowlands immediately north
of Calabria were unsuitable for silver fir; therefore it was silver fir
from the more northern and more genetically narrowed refugial
populations that immigrated into Europe after the last glaciation.

The Danish example shows that an initial reliance on use of
non-native species later created opportunities to reintroduce
native species as well as other non-native species with desired
functions (Figure 4). The challenge for the future is how to adapt
to climate change; one idea is to search for new genetic material
to transform Danish forests. This search has turned towards the
Caspian forests of Iran.

New genetic material from Caspian forests

The Caspian forests are probably the largest forest area of tem-
perate deciduous forest containing European flora that had little
or minimal exposure to the two factors, ice age pauperization
and human exploitation, that drastically reduced the number
of species in Europe as well as their genetic diversity. The ref-
ugial populations in these Caspian forests may contain genetic
material with potential for European forests and their ability to
adapt to future challenges of climate change and new diseases
and pests. Science-based statements about adaptability to cli-
mate, diseases and pests require establishment of field trials,
while genetic diversity and population genetic structure and
processes can be measured by DNA analyses. A new project is
underway to contribute to the understanding of the evolution-
ary processes that European forest tree species have undergone

Figure 4. Restored forest landscapes on formerly degraded land in Denmark; here are the highly productive mixed stands of Norway spruce (Picea abies (L.) Karst.) and
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), a novel forest ecosystem with non-native tree species in Denmark. (Credit: Palle Madsen).
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as a function of selection pressure (ice ages/human influence)
and isolation (refugial conditions) and how these processes
have influenced genetic diversity and adaptive potential of the
tree species. Eventually, this material may be used to transform
Danish forests to adapt to global change. We briefly describe
this effort as an example of the kind of “risky” research (Park et al.
2014; Stanturf 2015) needed to prepare for a novel future.

Caspian forests

South of the Caspian Sea in Iran, the species rich Caspian forests
cover the north facing slopes of the east-west tending Elburz
Mountains. Rising up 3000-5000 m, these slopes receive heavy
rainfall and are covered by 1.8 million hectares of Caspian for-
ests, of which 100,000-200,000 hectares are considered pristine
forest, as inaccessibility has limited utilization and human influ-
ence. The Caspian forests date back to before the Pleistocene
(more than 2.6 million years ago), previous to the repeated
advances and retreats of the glacial ice masses farther north in
Europe. The distributions of forest species have shifted slightly
during the changing climates of the glacial and interglacial peri-
ods (Sagheb-Talebi et al. 2014; Ravanbakhsh et al. 2016; and ref-
erences therein) but they have persisted for millennia.

The Caspian forests have benefited from long-term continuity
in forest cover (Ramezani et al. 2008) and today contain many
tree species that are also indigenous in Denmark and Europe
(Figure 5), for example Ulmus glabra Huds., Carpinus betulus L.,
Fraxinus excelsior L. and Sorbus torminalis (L.) Crantz (Sagheb-
Talebi et al. 2014), as well as a number of endemics, including
Acer velutinum, Quercus castaneifolia C.A.Mey and Pyrus boissieri-
ana Buhse. Caspian forests also contain Zelkova carpinifolia (Pall.)
Dippel, Pterocarya fraxinifolia (Lam.) Spach, Parrotia persica (DC.)
C.A. Mey., Gleditschia caspica Desf. and Populus caspica (Bornm.)
Bornm., Arcto-Tertiary relicts that became extinct in other regions
(Akhani et al. 2010; Sagheb-Talebi et al. 2014). This is consistent

with climate modelling that showed the climatic conditions in the
region of the Caspian forests were suitable for temperate broad-
leaved trees during glaciations (Leroy and Arpe 2007).

The Caspian forests’genetic pools are considered to be closely
linked or related to the initial populations and genetic diversity.
The forests have only to a lesser extent been affected by paleocli-
mate fluctuations compared to corresponding deciduous forests
in Europe, North-east America and the Far East (Adams and Faure
1997). Especially in Europe, the flora faced geographical barriers
to migration caused by the east-west mountain ranges and the
Mediterranean Sea (Hewitt 1999), resulting in limited and unfa-
vourable refugial areas to survive the glacial advances. As a result
of these barriers, species were eliminated from the continent or
their population sizes reduced to such a degree that genetic var-
iability has been reduced considerably (Hewitt 2000).

A gene pool for the adaptation of European forests?

A new project will test whether species and provenances from
the Caspian forests possess greater genetic diversity and supe-
rior resistance (physiological adaptability) and resilience (evo-
lutionary adaptability) as compared to comparable Danish/
European forest tree seed sources. The intent is to collect
seed from 6 selected tree species in the Caspian forests, each
represented by up to 9 provenances. The seed will be used to
establish provenance trials in afforestation areas in Denmark
and Iran. The trials will also include European/Danish reference
provenances and a comparative study for Caspian and European
species in Denmark and Iran. Test material will be subject to
quantitative genetic analyses in additional fast-track single tree
plot trials. The DNA of all 6 species will be analysed to compare
genetic diversity between the Caspian and Danish/European
forests, as well as to describe the population genetic struc-
ture of the source populations. The provenance trials will be a
unique infrastructure for the next decades for studies of forest

Figure 5. A chestnut-leaved oak (Quercus castaneifolia C.A.Mey) more than 600 years old in the Caspian forest of Iran. This tree is 45 m tall with a diameter at breast height

of more than 2 m. (Credit: Palle Madsen).
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tree adaptability and climate change that complements exist-
ing provenance trials in Denmark (Kjaer et al. 2014; Myking et
al. 2016) and the experience in Iran with 33 conifer species and
provenances trials along longitudinal and latitudinal transects
in the Caspian region. Promising species from these 25 year-
long trials are Pinus nigra Arnold, P. sylvestris L., Douglas-fir, Abies
nordmanniana (Steven) Spach), P. abies (L.) Karst. and Sequoia
sempervirens (D. Don) Endl.

Assisted migration: a final comment

Foresters have much experience with moving woody species
to new environments and should be able to identify likely suc-
cesses and avoid potential adverse effects. Refugial populations
may provide material, whether analogous species or genetic
material for breeding programs. Empirical investigations, such
as the provenance trials underway in Denmark and Iran, will pro-
vide short-term answers and a valuable resource for long-term
investigations. The need for restoration, already significant, will
only increase due to extreme climatic events, altered climate
means and land use change. Although much uncertainty sur-
rounds decisions of when to introduce novelty into ecosystems,
the most critical ecosystems are those where climate and land
use are projected to change rapidly (Stanturf 2015). Extreme
events will provide opportunities for changing species or
genetic composition of forests to reduce vulnerability to future
climate alterations; preparing for transformational adaptation
requires risky research today to prepare for events in the future
(Sarr and Puettmann 2008; Park et al. 2014).

Acknowledgements

We express our gratitude to VILLUM FONDEN for funding the project
“Caspian” described in this paper. This paper was developed from presenta-
tions made at the conference “Sustainable Restoration of Mediterranean
Forests: Analysis and Perspective within the Context of Green Economy
Development under Global Changes” held on 19-21 April 2017 in Palermo,
Italy. This paper represents a contribution to the IUFRO Task Force “Forest
Adaptation and Restoration under Global Change”.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Villum Fonden for the project “Caspian”.

ORCID

John A. Stanturf "= http://orcid.org/0000-0002-6828-9459

References

Adams JM, Faure H. 1997. Preliminary vegetation maps of the world since
the last glacial maximum: an aid to archaeological understanding.
J Archaeol Sci. 24:623-647.

Aitken SN, Yeaman S, Holliday JA, Wang T, Curtis-McLane S. 2008. Adaptation,
migration or extirpation: climate change outcomes for tree populations.
Evol Appl. 1:95-111.

AkhaniH, Djamali M, Ghorbanalizadeh A, Ramezani E.2010. Plant biodiversity
of Hyrcanian relict forests, N Iran: an overview of the flora, vegetation,
palaeoecology and conservation. Pak J Bot. 42:231-258.

Alexander S, Nelson CR, Aronson J, Lamb D, Cliquet A, Erwin KL, Finlayson CM,
De Groot RS, Harris JA, Higgs ES, et al. 2011. Opportunities and challenges
for ecological restoration within REDD+. Restor Ecol. 19:683-689.

Alig R, Adams D, Joyce L, Sohngen B. 2004. Climate change impacts and
adaptation in forestry: responses by trees and markets. Choices 19:1-7.

Andersson K, Lawrence D, Zavaleta J, Guariguata M. 2016. More trees, more
poverty? The socioeconomic effects of tree plantations in Chile, 2001-
2011. Environ Manage. 57:123-136.

Benito-Garzén M, Fernandez-Manjarrés J. 2015. Testing scenarios for assisted
migration of forest trees in Europe. New Forests 46:979-994.

Bennett K, Tzedakis P, Willis K. 1991. Quaternary refugia of north European
trees. J Biogeogr. 18:103-115.

Berg MP, Kiers E, Driessen G, Van Der Heijden MA, Kooi BW, Kuenen F, Liefting
M, Verhoef HA, Ellers J. 2010. Adapt or disperse: understanding species
persistence in a changing world. Global Change Biol. 16:587-598.

Bergmann F, Gregorius H-R, Larsen J. 1990. Levels of genetic variation in
European silver fir (Abies alba). Genetica 82:1-10.

Bolte A, Ammer C, L6f M, Madsen P, Nabuurs GJ, Schall P, Spathelf P, Rock
J. 2009. Adaptive forest management in central Europe: climate change
impacts, strategies and integrative concept. Scand J Forest Res. 24:473—
482.

Boshier D, Broadhurst L, Cornelius J, Gallo L, Koskela J, Loo J, Petrokofsky G,
St Clair B. 2015. Is local best? Examining the evidence for local adaptation
in trees and its scale. Environ Evid. 4:1-10.

Bouriaud L, Marzano M, Lexer M, Nichiforel L, Reyer C, Temperli C, Peltola
H, Elkin C, Duduman G, Taylor P, et al. 2015. Institutional factors and
opportunities for adapting European forest management to climate
change. Reg Environ Change. 15:1595-1609.

Bower AD, Clair J, Erickson V. 2014. Generalized provisional seed zones for
native plants. Ecol Appl. 24:913-919.

Bradshaw RH. 2004. Past anthropogenic influence on European forests and
some possible genetic consequences. For Ecol Manage. 197:203-212.
Bradshaw RH. 2005. What is a natural forest. In: Stanturf J, Madsen P, editors.
Restoration of boreal and temperate forests. Boca Raton (FL): CRC Press;

p. 15-30.

Breed MF, Stead MG, Ottewell KM, Gardner MG, Lowe AJ. 2013. Which
provenance and where? Seed sourcing strategies for revegetation in a
changing environment. Conserv Genet. 14:1-10.

Briske DD, Joyce LA, Polley HW, Brown JR, Wolter K, Morgan JA, McCarl BA,
Bailey DW. 2015. Climate-change adaptation on rangelands: linking
regional exposure with diverse adaptive capacity. Front Ecol Environ.
13:249-256.

Byrne M, Stone L, Millar MA. 2011. Assessing genetic risk in revegetation. J
Appl Ecol. 48:1365-1373.

Caloiero T, Callegari G, Cantasano N, Coletta V, Pellicone G, Veltri A. 2016.
Bioclimatic analysis in a region of southern Italy (Calabria). Plant Biosyst.
150(6):1282-1295.

Cao S, Chen L, Shankman D, Wang C, Wang X, Zhang H. 2011. Excessive
reliance on afforestation in China’s arid and semi-arid regions: lessons in
ecological restoration. Earth-Sci Rev. 104:240-245.

Carnus J-M, Parrotta J, Brockerhoff E, Arbez M, Jactel H, Kremer A. 2006.
Planted forests and biodiversity. J For. 104:65-77.

Chapman S, Mustin K, Renwick AR, Segan DB, Hole DG, Pearson RG, Watson
JE. 2014. Publishing trends on climate change vulnerability in the
conservation literature reveal a predominant focus on direct impacts and
long time-scales. Divers Distribut. 20:1221-1228.

Comes HP, Kadereit JW. 1998. The effect of Quaternary climatic changes on
plant distribution and evolution. Trends Plant Sci. 3:432-438.

Comps B, Gomory D, Letouzey J, Thiébaut B, Petit R. 2001. Diverging
trends between heterozygosity and allelic richness during postglacial
colonization in the European beech. Genetics 157:389-397.

Corlett RT, Westcott DA. 2013. Will plant movements keep up with climate
change? Trends Ecol Evol. 28:482-488.

Coté SD, Rooney TP, Tremblay JP, Dussault C, Waller DM. 2004. Ecological
impacts of deer overabundance. Annu Rev Ecol Evol Syst. 35:113-147.


http://orcid.org
http://orcid.org/0000-0002-6828-9459

PLANT BIOSYSTEMS - AN INTERNATIONAL JOURNAL DEALING WITH ALL ASPECTS OF PLANT BIOLOGY e 9

Davis MA, Chew MK, Hobbs RJ, Lugo AE, Ewel JJ, Vermeij GJ, Brown JH,
Rosenzweig ML, Gardener MR, Carroll SP, et al. 2011. Don't judge species
on their origins. Nature 474:153-154.

deCalesta DS. 1994a. Deer and diversity in Allegheny hardwood forests:
managing an unlikely challenge. Landsc Urban Plan. 28:47-53.

deCalesta DS. 1994b. Effect of white-tailed deer on songbirds within
managed forests in Pennsylvania. J Wildl Manage. 58:711-718.

Dumroese RK, Williams MI, Stanturf JA, Clair JBS. 2015. Considerations for
restoring temperate forests of tomorrow: forest restoration, assisted
migration, and bioengineering. New Forests 46:947-964.

Dunwiddie PW, Rogers DL. 2016. Rare species and aliens: reconsidering non-
native plants in the management of natural areas. Restor Ecol. 25(52).
doi:10.1111/rec.12437.

Dynesius M, Jansson R. 2000. Evolutionary consequences of changes in
species’ geographical distributions driven by Milankovitch climate
oscillations. Proc Natl Acad Sci USA. 97:9115-9120.

Espeland EK, Emery NC, Mercer KL, Woolbright SA, Kettenring KM, Gepts M,
Etterson JR. 2016. Evolution of plant materials for ecological restoration:
insights from the applied and basic literature. J Appl Ecol. 54:102-115.

Farashi A, Shariati M. 2017. Biodiversity hotspots and conservation gaps in
Iran. J Nat Conserv. 39:37-57.

Felton A, Boberg J, Bjorkman C, Widenfalk O. 2013. Identifying and managing
the ecological risks of using introduced tree species in Sweden’s
production forestry. For Ecol Manage. 307:165-177.

Fleishman E, Blockstein DE, Hall JA, Mascia MB, Rudd MA, Scott JM,
Sutherland WJ, Bartuska AM, Brown AG, Christen CA, et al. 2011. Top 40
priorities for science to inform US conservation and management policy.
BioSci. 61:290-300.

Frank A, Howe GT, Sperisen C, Brang P, St Clair JB, Schmatz DR, Heiri C. 2017.
Risk of genetic maladaptation due to climate change in three major
European tree species. Glob Change Biol. 23:5358-5371.

Gardner TA, Burgess ND, Aguilar-Amuchastegui N, Barlow J, Berenguer
E, Clements T, Danielsen F, Ferreira J, Foden W, Kapos V, et al. 2012. A
framework for integrating biodiversity concerns into national REDD+
programmes. Biol Conserv. 154:61-71.

Gibbs H, Salmon J. 2015. Mapping the world’s degraded lands. Appl Geogr.
57:12-21.

Gray LK, Gylander T, Mbogga MS, Chen P-Y, Hamann A. 2011. Assisted
migration to address climate change: recommendations for aspen
reforestation in western Canada. Ecol Appl. 21:1591-1603.

Gustafson DJ, Gibson DJ, Nickrent DL. 2005. Using local seeds in prairie
restoration — data support the paradigm. Native PI J. 6:25-28.

Hannah L, Flint L, Syphard AD, Moritz MA, Buckley LB, McCullough IM. 2014.
Fine-grain modeling of species’ response to climate change: holdouts,
stepping-stones, and microrefugia. Trends Ecol Evol. 29:390-397.

Hewitt G. 2000. The genetic legacy of the Quaternary ice ages. Nature
405:907-913.

Hewitt GM. 1999. Post-glacial re-colonization of European biota. Biol J Linn
Soc. 68:87-112.

Hewitt N, Klenk N, Smith AL, Bazely DR, Yan N, Wood S, MacLellan JI, Lipsig-
Mumme C, Henriques I. 2011. Taking stock of the assisted migration
debate. Biol Conserv. 144:2560-2572.

Hobbs RJ, Arico S, Aronson J, Baron JS, Bridgewater P, Cramer VA, Epstein
PR, Ewel JJ, Klink CA, Lugo AE, et al. 2006. Novel ecosystems: theoretical
and management aspects of the new ecological world order. Glob Ecol
Biogeogr. 15:1-7.

Hobbs RJ, Hallett LM, Ehrlich PR, Mooney HA. 2011. Intervention ecology:
applying ecological science in the twenty-first century. BioSci. 61:442—
450.

Hobbs RJ, Higgs ES, Hall C. 2013. Novel ecosystems. Chichester: John Wiley
& Sons.

Horsley SB, Stout SL, deCalesta DS. 2003. White-tailed deer impact on the
vegetation dynamics of a northern hardwood forest. Ecol Appl. 13:98-
118.

Isaac-Renton MG, Roberts DR, Hamann A, Spiecker H. 2014. Douglas-fir
plantations in Europe: a retrospective test of assisted migration to
address climate change. Glob Change Biol. 20:2607-2617.

Iverson LR, Schwartz MW, Prasad AM. 2004. How fast and far might tree
species migrate in the eastern United States due to climate change? Glob
Ecol Biogeogr. 13:209-219.

Jackiw RN, Mandil G, Hager HA. 2015. A framework to guide the conservation
of species hybrids based on ethical and ecological considerations.
Conserv Biol. 29:1040-1051.

Jacobs DF. 2007. Toward development of silvical strategies for forest
restoration of American chestnut (Castanea dentata) using blight-
resistant hybrids. Biol Conserv. 137:497-506.

Jacobs DF, Dalgleish HJ, Nelson CD. 2013. A conceptual framework for
restoration of threatened plants: the effective model of American
chestnut (Castanea dentata) reintroduction. New Phytol. 197:378-393.

Johannsen VK, Dippel T, Friis Mgller P, Heilmann-Clausen J, Ejrnaes R, Larsen
JB, Raulund-Rasmussen K, Rojas SK, Jergensen BB, Riis-Nielsen T, et al.
2013. Evaluation of efforts for biodiversity in Danish forests 1992-2012.
Department of Geoscience and Nature Management, Copenhagen
University, Copenhagen.

Joyce LA, Briske DD, Brown JR, Polley HW, McCarl BA, Bailey DW. 2013. Climate
change and North American rangelands: assessment of mitigation and
adaptation strategies. Range Ecol Manage. 66:512-528.

Jump AS, Penuelas J. 2005. Running to stand still: adaptation and the
response of plants to rapid climate change. Ecol Lett. 8:1010-1020.

Kain M, Battaglia L, Royo A, Carson WP. 201 1. Over-browsing in Pennsylvania
creates a depauperate forest dominated by an understory tree: results
from a 60-year-old deer exclosure. J Torrey Bot Soc. 138:322-326.

Kates RW, Travis WR, Wilbanks TJ. 2012. Transformational adaptation when
incremental adaptations to climate change are insufficient. Proc Natl
Acad Sci USA. 109:7156-7161.

Keenan RJ. 2015. Climate change impacts and adaptation in forest
management: a review. Ann For Sci. 72:145-167.

Keppel G, Van Niel KP, Wardell-Johnson GW, Yates CJ, Byrne M, Mucina
L, Schut AG, Hopper SD, Franklin SE. 2012. Refugia: identifying and
understanding safe havens for biodiversity under climate change. Glob
Ecol Biogeogr. 21:393-404.

Keppel G, Wardell-Johnson GW. 2012. Refugia: keys to climate change
management. Glob Change Biol. 18:2389-2391.

Kjeer ED, Lobo A, Myking T. 2014. The role of exotic tree species in Nordic
forestry. Scan J For Res. 29:323-332.

Kuuluvainen T, Bergeron Y, Coates KD. 2015. Restoration and ecosystem-
based management in the circumboreal forest: Background, challenges,
and opportunities. In: Stanturf JA, editor. Restoration of boreal and
temperate forests. 2nd ed. Boca Raton (FL): CRC Press; p. 251-270.

Laestadius L, Maginnis S, Minnemeyer S, Potapov P, Saint-Laurent C, Sizer
N. 2011. opportunities for forest landscape restoration. Unasylva 62:238.

Laikre L, Schwartz MK, Waples RS, Ryman N, Group GW. 2010. Compromising
genetic diversity in the wild: unmonitored large-scale release of plants
and animals. Trends Ecol Evol. 25:520-529.

Larsen J. 1986. The geographic variation in Abies alba (Mill.) growth rate and
frost resistance. Forstwiss Centbl. 105:396-406.

Larsen J. 1994. Silver fir (Abies alba Mill.) and its silvicultural problems in the
light of new findings. Contrib Biol Arb. 5:1-10.

Latawiec AE, Strassburg BB, Brancalion PH, Rodrigues RR, Gardner T.
2015. Creating space for large-scale restoration in tropical agricultural
landscapes. Front Ecol Environ. 13:211-218.

Ledgard N. 2001. The spread of lodgepole pine (Pinus contorta Dougl.) in
New Zealand. For Ecol Manage. 141:43-57.

Leimu R, Fischer M. 2008. A meta-analysis of local adaptation in plants. PLoS
ONE 3:24010.

Leroy SA, Arpe K. 2007. Glacial refugia for summer-green trees in Europe and
south-west Asia as proposed by ECHAM3 time-slice atmospheric model
simulations. J Biogeogr. 34:2115-2128.

Loss SR, Terwilliger LA, Peterson AC. 2011. Assisted colonization: integrating
conservation strategies in the face of climate change. Biol Conserv.
144:92-100.

Lunt ID, Byrne M, Hellmann JJ, Mitchell NJ, Garnett ST, Hayward MW, Martin
TG, McDonald-Maddden E, Williams SE, Zander KK. 2013. Using assisted
colonisation to conserve biodiversity and restore ecosystem function
under climate change. Biol Conserv. 157:172-177.

Madsen P, Jensen FA, Fodgaard S. 2005. Afforestation in Denmark. In:
Stanturf J, Madsen P, editors. Restoration of boreal and temperate forests.
Boca Raton (FL): CRC Press; p. 211-224.

Mansourian S. 2017. Governance and forest landscape restoration: a
framework to support decision-making. J Nat Conserv. 37:21-30.


https://doi.org/10.1111/rec.12437

10 J.A. STANTURF ET AL.

Mansourian S, Stanturf JA, Derkyi MAA, Engel VL. 2017. Forest landscape
restoration: increasing the positive impacts of forest restoration or simply
the area under tree cover? Rest Ecol. 25:178-183.

Marquis DA. 1975.The Allegheny hardwood forests of Pennsylvania. In USDA
Forest Service Gen. Tech. Rep NE-15. Upper Darby (PA): Northeastern
Forest Experiment Station; p. 32.

Martinuzzi S, Gavier-Pizarro Gl, Lugo AE, Radeloff VC. 2015. Future land-use
changes and the potential for novelty in ecosystems of the United States.
Ecosystems 18:1332-1342.

Mather AS, Needle C, Coull J. 1998. From resource crisis to sustainability: the
forest transition in Denmark. Int J Sust Dev World. 5:182-193.

Mattioli W, Mancini LD, Portoghesi L, Corona P. 2016. Biodiversity
conservation and forest management: the case of the sweet chestnut
coppice stands in Central Italy. Plant Biosyst. 150(3):592-600.

McDonald-Madden E, Runge MC, Possingham HP, Martin TG. 2011. Optimal
timing for managed relocation of species faced with climate change. Nat
Clim Change. 1:261-265.

McKenney DW, Pedlar JH, Lawrence K, Campbell K, Hutchinson MF. 2007.
Potential impacts of climate change on the distribution of North
American trees. BioSci. 57:939-948.

McLachlan JS, Hellmann JJ, Schwartz MW. 2007. A framework for debate of
assisted migration in an era of climate change. Conserv Biol. 21:297-302.

Menz MH, Dixon KW, Hobbs RJ. 2013. Hurdles and opportunities for
landscape-scale restoration. Science 339:526-527.

Millar Cl, Stephenson NL. 2015. Temperate forest health in an era of emerging
megadisturbance. Science 349:823-826.

Millar Cl, Stephenson NL, Stephens SL. 2007. Climate change and forests of
the future: managing in the face of uncertainty. Ecol Appl. 17:2145-2151.

Mueller JM, Hellmann JJ. 2008. An assessment of invasion risk from assisted
migration. Conserv Biol. 22:562-567.

Myking T, Rusanen M, Steffenrem A, Kjeer ED, Jansson G. 2016. Historic
transfer of forest reproductive material in the Nordic region: drivers, scale
and implications. Forestry 89:325-337.

Pacifici M, Foden WB, Visconti P, Watson JE, Butchart SH, Kovacs KM, Scheffers
BR, Hole DG, Martin TG, Akcakaya HR, et al. 2015. Assessing species
vulnerability to climate change. Nat Clim Change. 5:215-224.

Park A, Puettmann K, Wilson E, Messier C, Kames S, Dhar A. 2014. Can boreal
and temperate forest management be adapted to the uncertainties of
21st century climate change? Crit Rev Plant Sci. 33:251-285.

Pearson RG. 2006. Climate change and the migration capacity of species.
Trends Ecol Evol. 21:111-113.

Pedlar J, McKenney D, Beaulieu J, Colombo S, McLachlan J, O'Neill G. 2011.
The implementation of assisted migration in Canadian forests. For Chron.
87:766-777.

Pedlar JH, McKenney DW, Aubin |, Beardmore T, Beaulieu J, Iverson L,
O’Neill GA, Winder RS, Ste-Marie C. 2012. Placing forestry in the assisted
migration debate. BioSci. 62:835-842.

PetitRJ, Aguinagalde |, De Beaulieu J-L, Bittkau C, Brewer S, CheddadiR, Ennos
R, Fineschi S, Grivet D, Lascoux M, et al. 2003. Glacial refugia: hotspots but
not melting pots of genetic diversity. Science 300:1563-1565.

Pharis RP, Ferrell WK. 1966. Differences in drought resistance between coastal
and inland sources of Douglas fir. Can J Bot. 44:1651-1659.

Pinkard E, Battaglia M, Bruce J, Matthews S, Callister AN, Hetherington S,
Last I, Mathieson S, Mitchell C, Mohammed C, et al. 2015. A history of
forestry management responses to climatic variability and their current
relevance for developing climate change adaptation strategies. Forestry
88:155-171.

Potter KM, Jetton RM, Bower A, Jacobs DF, Man G, Hipkins VD, Westwood M.
2017. Banking on the future: progress, challenges and opportunities for
the genetic conservation of forest trees. New Forests 48:153-180.

Radeloff VC, Williams JW, Bateman BL, Burke KD, Carter SK, Childress ES,
Cromwell KJ, Gratton C, Hasley AO, Kraemer BM, et al. 2015. The rise of
novelty in ecosystems. Ecol Appl. 25:2051-2068.

Ramezani E, Marvie Mohadjer MR, Knapp H-D, Ahmadi H, Joosten H. 2008.
The late-Holocene vegetation history of the Central Caspian (Hyrcanian)
forests of northern Iran. Holocene 18:307-321.

Ravanbakhsh H, Hamzeh'ee B, Etemad V, Marvie Mohadjer MR, Assadi
M. 2016. Phytosociology of Juniperus excelsa M.Bieb. forests in Alborz
mountain range in the north of Iran. Plant Biosyst. 150(5):987-1000.

Rehfeldt G. 1977. Growth and cold hardiness of intervarietal hybrids of
Douglas-fir. Theor Appl Genet. 50:3-15.

Rizvi A, Baig S, Barrow E, Kumar C. 2015. Synergies between climate
mitigation and adaptation in forest landscape restoration. Gland: IUCN;
p. 58.

Rooney TP, Waller DM. 2003. Direct and indirect effects of white-tailed deer
in forest ecosystems. For Ecol Manage. 181(1-2):165-176.

Rout TM, McDonald-Madden E, Martin TG, Mitchell NJ, Possingham HP,
Armstrong DP. 2013. How to decide whether to move species threatened
by climate change. PLoS ONE 8:e75814.

Royo AA, Stout SL, Pierson TG. 2010. Restoring forest herb communities
through landscape-level deer herd reductions: is recovery limited by
legacy effects? Biol Conserv. 143:2425-2434.

Sagheb-Talebi K, Sajedi T, Pourhashemi M. 2014. Forests of Iran: a treasure
from the past, a hope for the future. Berlin: Springer.

Santopuoli G, Lasserre B, Di Martino P, Marchetti M. 2016. Dynamics of the
silver fir (Abies alba Mill.) natural regeneration in a mixed forest in the
Central Apennine. Plant Biosyst. 150(2):217-226.

Sarr DA, Puettmann kJ. 2008. Forest management, restoration, and designer
ecosystems: Integrating strategies for a crowded planet. Ecoscience
15:17-26.

Schmid M, Pautasso M, Holdenrieder O. 2014. Ecological consequences of
Douglas-fir (Pseudotsuga menziesii) cultivation in Europe. Eur J For Res.
133:13-29.

Schiklenk U, Kleinsmidt A. 2006. North-south benefit sharing arrangements
in bioprospecting and genetic research: a critical ethical and legal
analysis. Dev World Bioeth. 6:122-134.

Seddon PJ. 2010. From reintroduction to assisted colonization: moving
along the conservation translocation spectrum. Restor Ecol. 18:796-802.

Seddon PJ, Moehrenschlager A, Ewen J. 2014. Reintroducing resurrected
species: selecting DeExtinction candidates. Trends Ecol Evol. 29:140-147.

SER. 2004. Society for Ecological Restoration International Science & Policy
Working Group. The SER International Primer on Ecological Restoration;
[accessed 2017 Jul 5]. http://c.ymcdn.com/sites/www.ser.org/resource/
resmgr/custompages/publications/SER_Primer/ser_primer.pdf.

Shackelford N, Hobbs RJ, Heller NE, Hallett LM, Seastedt TR. 2013. Finding a
middle-ground: the native/non-native debate. Biol Conserv. 158:55-62.

Simberloff D, Nufiez MA, Ledgard NJ, Pauchard A, Richardson DM, Sarasola
M, Van Wilgen BW, Zalba SM, Zenni RD, Bustamante R, et al. 2010. Spread
and impact of introduced conifers in South America: lessons from other
southern hemisphere regions. Austral Ecol. 35:489-504.

Spittlehouse DL, Stewart RB. 2004. Adaptation to climate change in forest
management. J Ecosyst Manag. 4: 11 Available at http://jem-online.org/
forrex/index.php/jem/article/view/254/173

Stanisci A, Frate L, Morra Di Cella U, Pelino G, Petey M, Siniscalco C, Carranza
ML. 2016. Short-term signals of climate change in ltalian summit
vegetation: observations at two GLORIA sites. Plant Biosyst. 150(2):227-
235.

Stanturf JA. 2015. Future landscapes: opportunities and challenges. New
Forests 46:615-644.

Stanturf JA, Kant P, Lilles@ J-PB, Mansourian S, Kleine M, Graudal L, Madsen P.
2015. Forest landscape restoration as a key component of climate change
mitigation and adaptation. IUFRO World Series 34. Vienna: International
Union of Forest Research Organizations.

Stanturf JA, Palik BJ, Dumroese RK. 2014. Contemporary forest restoration: a
review emphasizing function. For Ecol Manage. 331:292-323.

Stanturf JA, Palik BJ, Williams MI, Dumroese RK, Madsen P. 2014. Forest
restoration paradigms. J Sustain For. 33:5161-5194.

Stanturf JA, Schoenholtz SH, Schweitzer CJ, Shepard JP. 2001. Achieving
restoration success: myths in bottomland hardwood forests. Restor Ecol.
9:189-200.

Taberlet P, Fumagalli L, Wust-Saucy AG, Cosson JF. 1998. Comparative
phylogeography and postglacial colonization routes in Europe. Mol Ecol.
7:453-464.

Taylor KT, Maxwell BD, Pauchard A, Nuiiez MA, Peltzer DA, Terwei A, Rew LJ.
2016. Drivers of plant invasion vary globally: evidence from pine invasions
within six ecoregions. Glob Ecol Biogeogr. 25:96-106.

Tilghman NG. 1989. Impacts of white-tailed deer on forest regeneration in
northwestern Pennsylvania. J Wildl Manage. 53:524-532.


http://c.ymcdn.com/sites/www.ser.org/resource/resmgr/custompages/publications/SER_Primer/ser_primer.pdf
http://c.ymcdn.com/sites/www.ser.org/resource/resmgr/custompages/publications/SER_Primer/ser_primer.pdf
http://jem-online.org/forrex/index.php/jem/article/view/254/173
http://jem-online.org/forrex/index.php/jem/article/view/254/173

PLANT BIOSYSTEMS - AN INTERNATIONAL JOURNAL DEALING WITH ALL ASPECTS OF PLANT BIOLOGY 1

Valladares F, Matesanz S, Guilhaumon F, Aratjo MB, Balaguer L, Benito-
Garzén M, Cornwell W, Gianoli E, Kleunen M, Naya DE, et al. 2014. The
effects of phenotypic plasticity and local adaptation on forecasts of
species range shifts under climate change. Ecol Lett. 17:1351-1364.

Vitt P, Havens K, Kramer AT, Sollenberger D, Yates E. 2010. Assisted migration
of plants: changes in latitudes, changes in attitudes. Biol Conserv. 143:18-
27.

Warren CR. 2007. Perspectives on the ‘alien’ versus ‘native’ species debate: a
critique of concepts, language and practice. Prog Human Geogr. 31:427-
446.

Whitney GG. 1990. The history and status of the hemlock-hardwood forests
of the Allegheny Plateau. J Ecol. 78:443-458.

Widmer A, Lexer C. 2001. Glacial refugia: sanctuaries for allelic richness, but
not for gene diversity. Trends Ecol Evol. 16:267-269.

Williams JW, Jackson ST. 2007. Novel climates, no-analog communities, and
ecological surprises. Front Ecol Environ. 5:475-482.

Williams JW, Jackson ST, Kutzbach JE. 2007. Projected distributions of novel
and disappearing climates by 2100 AD. Proc Natl Acad Sci USA. 104:5738-
5742.

Williams MI, Dumroese RK. 2013. Preparing for climate change: forestry and
assisted migration. J For. 111:287-297.



	Abstract
	Introduction
	Transformational restoration – what do we mean?
	Novel ecosystems
	Emergent novelty – Allegheny Hardwoods
	Designed novelty – Douglas-fir

	Transformational adaptation under climate change
	Transforming ecosystems for improved climate adaptation
	Refugial populations

	Experience from Denmark
	Forest landscape restoration
	Danish forestry today

	New genetic material from Caspian forests
	Caspian forests
	A gene pool for the adaptation of European forests?

	Assisted migration: a final comment
	Acknowledgements
	Disclosure statement
	Funding
	References



